Municipal water recycling may expose humans and the environment to trace organic contaminants.
INTRODUCTION
Over the past decade, organic contaminants such as endocrine disrupting compounds (EDCs) and pharmaceutically active compounds have been detected in drinking water at very low levels (ng L À1 to μg L À1) (Kümmerer ) , suggesting that these compounds resisted removal through wastewater treatment processes. The removal of organic compounds during conventional activated sludge treatment and membrane bioreactors has been shown to be highly variable (Petrovic et al. ) , with many of these micropollutants (MPs) reaching the aquatic environment.
Under recharge conditions, polar pharmaceuticals, such as clofibric acid, carbamazepine, primidone, diclofenac and iodinated contrasts agents, can leach through the subsoil and have also been measured in groundwater samples (Heberer ) . Whether long-term exposure to trace concentrations is of any public health significance is currently unknown. Nevertheless, the simple fact that they have been observed and reported is a cause of scientific and public concern. The presence of antibiotics in wastewater and their persistence through wastewater treatment processes may contribute to the prevalence of resistance to antibiotics in bacterial species (Baquero et al. ; Richardson ) . Reusing treated effluents for non-potable or potable purposes increases the range of human and environmental exposure scenarios to bacteria potentially harbouring antibiotic resistance. The question of mixture toxicity has also recently gained more and more interest and additive effects are to be expected from mixtures of EDCs (Kümmerer ) .
Wastewater treatment plants (WWTPs) have been designed to deal primarily with organic matter and nutrients (nitrogen and phosphorous). Residual effluent organic matter (EfOM) is present at concentrations 10 3 -10 6 times higher than the MPs. Depending mainly on their sorption behaviour and biodegradability, chemicals bind to matter or can be transformed or mineralized. Currently available tertiary treatment aiming at further removal of MPs from wastewater is based on membrane filtration, activated carbon, oxidation, managed aquifer recharge and slow sand filtration. Activated carbon adsorption is very effective for MP removal, but is limited by its adsorption capacity and has to be renewed regularly or dosed continuously. Equilibrium and kinetic studies have shown that background organic matter (expressed in terms of dissolved organic carbon, DOC) present in ground and surface waters can reduce adsorption capacity and kinetics of MPs on granular activated carbon (GAC) (Ternes et al. ; Yu et al. ) shortening adsorbent bed service life (Knappe et al. ; Yu et al. ) . For example, it was reported that when filtering a source of drinking water (3.5-5 mg DOC /L) with GAC filters, the adsorption capacity of DOC was exhausted after filtering 5,000 bed volumes (approximately 6 months) (Simpson ; Yapsakli & Çeçen ) . When a layer of dissolved organic matter (DOM) has been adsorbed on the carbon, the carbon becomes negatively charged due to organic matter coverage, with increasing negative charge at higher natural organic matter loading (Newcombe ) . This may promote electrostatic repulsion and reduce adsorption of natural organic matter and anionic MPs (de Ridder et al. ). The n-octanol-water partition coefficients (K ow ) are commonly used to characterize relative lipophilicity and hydrophilicity of a compound. However for ionizable species, the pH dependent n-octanol-water distribution coefficient (D ow ) is generally considered a more relevant parameter (Katayama et al. ) .
The development of a robust, highly competitive process, with high performance and efficiency, based on the ability of biological materials to accumulate and eventually to transform molecules in effluents by physico-chemical or metabolic reactions, is strongly recommended. The biological activated carbon (BAC) process would include a sorption step followed by a biodegradation step, depending on the microorganisms' ability to degrade the pollutants (Quintelas et al. ) . Nonetheless, microorganisms colonize macropores and crevices of the carbon grains causing a layer of microbial slime (biofilm) to add an additional mass transfer resistance layer which reduces film diffusion.
Biofilms growing in BAC are also a diverse microbial community (Zhang et al. ) that can participate in the treatment by removing biodegradable dissolved organic carbon (BDOC) (Dussert & Van Stone ) . Bacterial and fungal cells have no special structures with which to acquire nutrients from their exterior environment and cytoplasmic membranes of bacterial and fungal cells are covered with cell walls. Uptake mechanisms of nutrients and other chemicals by organisms must occur through the cell walls and then through the cell membranes. Thus a concentration gradient between the outside and inside of the cell is the driving force for uptake. The biological membrane of cells is semi-permeable and has pores with diameters much smaller than 4 nm, thus water and dissolved molecules with molecular weights <100 Da (e.g. nitrogen gas) can pass through these pores (Katayama et al. ) . Also, transport into the cell can be carried out by facilitated transport or energy-dependent transport whereby some highly polar compounds can be bound to membrane transport proteins and then transported into the cell (Katayama et al. ) .
Previous research demonstrated that the removal of nondiffusible organics in a biofilm reactor required hydrolysis by extracellular enzymes in the bulk water of the reactor (Rohold & Harremoes ) . Still, passive diffusion is the most important mechanism by which chemicals enter cells (Nikaido ) . The hydrophobicity of the central layer of cytoplasmic membranes constitutes a strong barrier to ionic, but not non-ionic compounds. Small compounds that are hydrophobic and weakly polar such as alcohols, Observation of the performance of the column was completed during the 9 months preceding the sampling of the biofilter.
The DOC levels in the influent of the sampled column were between 5 and 9 mg DOC L À1 . Removal of DOC (37 ± 7%) by the biofilter was accompanied by a remarkable DO consumption of 7.3 ± 3 mg DO L À1 . At this stage in the BAC filtration process (>35,000 bed volumes filtered), DOC removal efficiencies of 15-45% have been reported previously (Servais et al.
;
Simpson ). The influent of the column was refrigerated within the hour following collection and used in batch experiments within the next 24 h. The BAC grains sampled at the same time were kept at ambient temperature in a 1.5 L bottle containing column influent. Characteristics of the fresh GAC media were obtained from the supplier or determined at The University of Queensland and are given in Table 1 .
The Acticarb BAC GA1000N is an anthracite-based granular activated carbon and has been steam activated under controlled atmosphere at 850 W C. It has a meso-and micropore structure comparable to other coal-based granular activated carbon, produced by heat activation (Kalkan et al.
). The influent MP and DOC concentrations, contact
time with the GAC and type of GAC are major parameters influencing the adsorption. Given the amount of bed volumes filtered and consequent preloading, adsorption properties as given in Table 1 are expected to be different for the media used in the batch experiments. Indeed, as the GAC media particles slowly became exhausted, it was observed that the rough porous surface of fixed bed GAC granular media was amenable to microbial colonization ( Figure 1 ).
Particles contain pores of different sizes, many of which are smaller than microorganisms. Therefore, bacteria will be physically excluded from most of the intraparticle pores of these grains (Liu et al. ) and are assumed to be distributed on the outer surface. Although bacteria themselves are not capable of entering the meso-pores, their 'exoenzymes' can (Scholz & Martin ) .
Adsorption and biodegradation batch experiments
Batch experiments were conducted in four parallel amber glass reactors by adding 11.5 g of BAC media and 2 L of feed water: 8.25 mg DOC L À1 and MP concentrations given in Total porous volume (cm 3 g À1 ) 0.476
Microporous volume < 2 nm (cm 3 g À1 ) 0.360
Mesoporous volume 2-50 nm (cm 3 g À1 ) 0.116
BET: Brunauer-Emmett-Teller.
Figure 1 | Scanning electron microscopy of the pore entry of a BAC particle exposed to 35,000 bed volumes of tertiary treated wastewater.
Micropollutants studied
Twenty compounds (Table 2) were selected to be representative of trace organic contaminants based on physical properties that are known to affect sorption, molecular weight, ionic state and hydrophobicity. The targeted compounds were also selected from different contaminant classes.
Analytical methods
Samples from the reactors after 5 days of contact time were com- stage was reported only when its concentration was above the limit of quantification before and after the experiment.
RESULTS AND DISCUSSION
Dissolved organic carbon removal in GAC and BAC
The DOC removal achieved in different batch experiments is shown in Figure 2 . The DOC measurement of one sample was repeated five times and the obtained relative error on the measurement was applied to other samples. For practical purposes, the interpretation of the results to better understand compound behaviour in BAC will be separated in two different groups.
Compounds showing a decrease in removal after inhibition
The compounds in this group are: 2,4-dichlorophenoxyacetic acid (2,4-D), sulfamethoxazole, hydrochlorothiazide, It can be seen that the removal was generally more impacted by the inhibition for negatively charged compounds than for neutral and positively charged compounds. Indeed, average removal of anionic, neutral and cationic compounds decreased by 20 ± 10%, 5 ± 5% and 4 ± 8% respectively, when the biomass was inhibited. Sorption occurs rapidly compared to biodegradation and is greatly affected by the charge of the compounds. The removal of most positive compounds was similar with and without inhibition meaning that they were primarily removed from the liquid phase by sorption on the negatively charged biofilm and/or the media.
The organic contaminants that have a greater sorption affinity especially due to electrostatic interaction with the BAC media are less likely to be biodegraded because the compounds are less likely to be present in the aqueous phase.
This does not exclude biodegradation of positive compounds in the longer term, but the present study is unable to determine if biodegradation of positive compounds is occurring.
CONCLUSIONS
The analysis of performance mechanisms of BAC involves the need to determine which fraction of the carbon activity refers to biological processes and which to adsorption. To this end, the inhibitor substance sodium azide was added to the experimental system, but participation of both adsorption and biodegradation mechanisms could not be strictly 
